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Quinine, Intracellular pH and Modulation of 
Hemi-gap Junctions in Catfish Horizontal Cells 
DON B. DIXON,* KYOH-ICHI TAKAHASHI,t MARK BIEDA,:~ DAVID R. COPENHAGEN*§ 
Quinine increases the conductance of hemi-gap junctions in horizontal cells. We investigated the 
mechanisms of alkalinization and the hypothesis that quinine-induced alkalinization produced 
these conductance increases. We found that quinine-induced alkalinizations were not blocked by 
cobalt, amiloridie, or DIDS. Therefore, this suggests that the alkalinization is not likely due to net 
proton flux through opened hemi-gap channels nor is it likely due to an action on CI-/HCO3- 
exchanger or Na+/H + exchanger, both of which are known to regulate pHi in the horizontal cells. 
Quinine increased hemi-gap conductance even when cells were recorded with patch pipets 
containing up to 80 mM HEPES. We conclude that quinine-induced alkalinization cannot account 
solely for the hemi-gap junctional conductance increases. Copyright © 1996 Elsevier Science Ltd 
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INTRODUCTION 
Many classes of neuron in the retinas of many different 
vertebrate classes are electrotonically coupled via gap 
junctions (Baldridge et al., 1987; Hidaka et al., 1993; 
Hidaka et al., 1989; Lasater, 1987; McMahon et al., 
1989; McMahon & Brown, 1994; Owen, 1985; Piccolino 
et al., 1984; Tsukamoto et al., 1992; Vaney, 1993; 
Witkovsky et al., 1983). DeVries and Schwartz (1989, 
1992) investigated electrotonic oupling between iso- 
lated pairs of catfish horizontal cells and showed it was 
decreased by rises in intracellutar cAMP, cGMP, and 
proton concentrations. They also characterized a slowly 
activating conductance that could be observed upon 
membrane depolarization in isolated cells exposed to 
lowered calcium. They provided compelling evidence 
that this conductance r sulted from opening of hemi-gap 
channels and showed that these channels were similarly 
modulated by increases in cAMP, cGMP, and protons. 
Connexin subunits expressed in oocytes produce hemi- 
gap junctions with prc,perties similar to those in the 
horizontal cells (Ebihara et al., 1995). Recently, 
Malchow et al. (1994) reported that a hemi-gap 
junctional conductance in skate horizontal cells could 
be increased by depolarization i  normal extracellular 
calcium if quinine or quinidine was superfused extra- 
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cellularly. The mechanism of the quinine-induced 
conductance increase remains unknown. We studied 
horizontal cells isolated from catfish retina and demon- 
strate that quinine also induced hemi-gap junctional 
currents in these cells in the presence of normal calcium 
concentrations. Here we show that quinine alkalinizes 
horizontal cells. We investigated the mechanism of this 
alkalinization and focused on the hypothesis that quinine 
opens hemi-gap junctional channels by reducing intra- 
cellular proton concentrations. This study provides 
information that is relevant to how gap junction 
conductances can be modulated. Furthermore, the results 
suggest cellular sites that could be implicated in quinine 
and chloroquine-induced retinopathies (Easterbrook, 
1988). 
METHODS 
Preparation of cells 
All of the following experimental procedures conform 
to the recommendations of the NIH guide for the use of 
Laboratory Animals and the ARVO Statement on the Use 
of Animals in Ophthalmic and Vision research. Catfish 
(Ictaluruspunctatus) were dark-adapted for at least 12 hr, 
cooled, swiftly decapitated, and double pithed. Enu- 
cleated eyes were hemisected and the retinas removed. 
Horizontal cells were isolated using papain digestion and 
mild mechanical trituration following the procedures of 
Tachibana (1981). Cells were plated on to clean glass 
cover-slips and kept for periods ranging from 2 to 20 days 
at 14°C in L-15 media modified to reduce the osmolality 
to about 290 mOsm (Gibco, NY). 
Current recording from hemi-gap channels 
Membrane currents were recorded by patch pipets in 
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the whole-cell voltage-clamp configuration. Patch pipets 
were fabricated on a Brown-Flaming type puller (Sutter 
Instruments Co., P-87, Novato, CA) or a Narishige PP-88 
puller (Tokyo) from 1.5 mm dia borosilicate glass 
(Garner glass company, Claremont, CA or Fisher 
Scientific, Pittsburg, PA) and had resistances in the range 
5-10 Mf~. Patch pipets were connected to an Axopatch 
amplifier (Axon Instruments, Foster City, CA). Currents 
were monitored on an oscilloscope after passing through 
a built-in 8-pole Bessel filter (2 kHz). For most experi- 
ments clamp current was simultaneously recorded on a 
strip chart recorder. 
Pipet and superfusion solutions 
Several different pipet solutions were used in these 
experiments. 
• Internal A (K+-0 HEPES) (in mM): K-gluconate, 
120; CsCI, 15; tetraethylammonium chloride (TEA- 
C1), 15; MgC12, 2; EGTA, 1; Na2ATP, 1; NaGTP, 1. 
• Internal B (K+-5 HEPES): K gluconate, 125; NaC1, 
4; CaC12, 1; MgCI2, 1; EGTA, 2.5; hemi-NaHEPES, 
5; glucose, 5; Na2ATP, 2; NaGTP, 1. 
• Internal C (K+-25 HEPES): K gluconate, 105; NaC1, 
4; CaC12, 1; MgC12, 1; EGTA, 2.5; hemi-NaHEPES, 
5; HEPES, 20; glucose, 5; Na2ATP, 2; NaGTP, 1. 
• Internal D (Cs÷-0 HEPES): CsC1, 100; TEACI, 15; 
EGTA, 10; CaCI2, 1; MgCI2, 1; MgATP, 1; NaGTP, 
2. 
• Internal E (Cs÷-40 HEPES): CsCI, 70; TEAC1, 15; 
EGTA, 10; CaCI2, 1; MgCI2, 1; HEPES, 40; 
MgATP, 1; NaGTP, 2. 
• Internal F (Cs+-80 HEPES): CsCI, 30; TEACI, 15; 
EGTA, 10; CaC12, 1; MgC12, 1; HEPES, 80; 
MgATP, 1; NaGTP, 2. 
Internal solutions were adjusted to pH 7.4 with KOH or 
CsOH. HEPES and EGTA in these solutions refer to the 
free acid forms unless otherwise indicated. Osmolarity 
was adjusted to 285-295 mOsm with glucose. 
Superfusion solutions for the electrophysiological 
recordings contained (in mM): 
250 or 500 mM stock in DMSO. This stock was protected 
from light. An appropriate amount of this solution was 
added to external solution the day of the experiment, 
resulting in DMSO concentrations ot exceeding 0.1%. 
All experiments were performed at room temperature 
(20°c). 
Drugs were applied using either Y-tube microperfusion 
or bath perfusion (Dixon et al., 1993). Most chemicals 
and drugs were purchased from Sigma Chemical Co (St. 
Louis, MO), Halothane was purchased from Halocabon 
Laboratories (North Augusta, SC), BCECF-AM, and 
nigericin was purchased from Molecular Probes Inc 
(Eugene, OR). 
Intracellular pH measurements of isolated, intact cells 
Intracellular pH was determined in individual hori- 
zontal cells using the fluorescent indicator dye 2',7'-bis- 
(2-carboxyethyl)-5-(and 6) carboxyfluorescein, acetoxy- 
methyl ester following the protocols of Paradiso et al. 
(1987). Cells were incubated for 5 min in External A 
containing 5 pM BCECF-AM, and then rinsed in 
External A for 30-60 min to allow the fluorescent signal 
to reach equilibrium. Individual horizontal cells were 
imaged through an inverted microscope (Nikon, Diaphot, 
Tokyo) using a computerized imaging system (Fluor, 
Universal Imaging, West Chester, PA). Cells were 
alternately illuminated by 200 msec flashes of 440 and 
490 nm excitation light. The ratio of 535 nm fluorescence 
induced by the two different excitation lights was 
determined, and used to calculate intracellular pH. The 
excitation and barrier filters and the dichroic mirror were 
a BCECF filter set from Omega Optical Inc. (Brattleboro, 
VT). The measurement protocol was repeated every 5 sec 
throughout the course of the experiment. The K+/H +- 
exchanger nigericin, 10 pM, was superfused atthe end of 
experimental runs to calibrate the pH changes measured 
during the experiments. The nigericin calibrations were 
done in 50 mM potassium saline (potassium substituted 
for sodium in External A to maintain osmolarity) to 
depolarize the cells and thereby minimize the electrical 
gradient for hydrogen ions across the membrane. 
• External A (control): NaCI, 125; KCI, 5; CaC12, 2.5; 
MgCle, 1; hemi-NaHEPES, 10; and glucose, 16. 
• External B (5 Ca2÷): NaC1, 115; CsC1, 10; KC1, 2.6; 
MgC12, 1; CaCIe, 5; Glucose, 15; HEPES, 10. 
• External C (0 Ca2÷): NaCI, 100; CsCI, 15; TEA-C1, 
15; KC1, 2.6; MgCIe, 1.5; Glucose, 20; HEPES, 10. 
The pH was adjusted to 7.8 with NaOH in each of these 
cases. Osmolarity was adjusted to 290-300 mOsm with 
glucose. NHaC1 salines were prepared by substituting 
20 mM NH4CI for sodium chloride in the appropriate 
external saline. Other drugs except halothane were 
applied to cells by simply dissolving them into external 
salines without a molarity compensation. Solutions 
saturated with halothane were prepared by adding 50 #1 
halothane to 25 ml saline. Halothane was applied to cells 
by drawing off 20 ml of the halothane-saturated saline 
immediately before its use. Quinine was maintained as a 
RESULTS 
Hemi-gap junctional currents in isolated catfish 
horizontal cells are readily observed using whole-cell 
patch pipets when the membrane potential is voltage 
clamped above 0 mV in calcium-free saline (DeVries & 
Schwartz, 1992). Figure 1 shows examples of the hemi- 
gap current and its modulation by dopamine, 8-Br-cAMP 
and NHaCI. In Fig. I(A), with the cell clamped to 
+20 mV, external Ca 2÷ was reduced from 5 mM to 
nominally 0 mM. An outward current developed gradu- 
ally to reach a plateau in ~ 100 sec. The current was 
further increased upon exposure to NHaC1 saline, which 
is known to alkalinize the intracellular pH (pHi) of these 
horizontal cells (Takahashi et al., 1993). During the 
washout of NHzCI, when pHi is known to fall below its 
resting level, the current was strongly suppressed. After 
recovery of the current from acidification, 2~M- 
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FIGURE 1. Inductioa nd modulation of a hemi-gap channel current. (A) A horizontal cell was voltage-clamped at +20 mV and 
superfused by Ca2+-free saline. This induced a gradually increasing outward current. The current was increased by an 
application of NH4Cl-saline, and decreased following the washout of NH4CI. Dopamine (2 #M) also suppressed the current. The 
effects of NH4CI we.re seen in 28 of 28 cells and the suppression of hemi-gap current by dopamine was observed in 21 of 21 
cells. (B) Current-voltage (l-V) relationships were measured in the control saline (squares), the Ca2%free saline (circles), the 
NH4Cl-saline (upward triangles), during washout of NH4C1 (downward triangles) and in the presence of dopamine (double 
triangles). Membrane current amplitudes were determined in response to 10 mV decremental voltage steps, ranging between 0
and - 60 mV, from a holding potential of +20 mV (duration of voltage step: 1 sec). Current amplitudes were obtained by 
subtracting the current immediately before the termination of the voltage step (average current in the 1 msec interval of 966-- 
967 msec of the 1000 msec step) from currents immediately after the beginning of the voltage step (average current in the 
1 msec interval between 2 and 3 msec after initiation of the step). This subtraction procedure was used to eliminate nonspecific 
increases in membrane conductance due to low calcium. (C) The effects of 8-bromo-cyclic AMP (2 mM) from another 
horizontal cell. The suppression of the hemi-gap junctional current in 8-Br-cAMP was seen in three of three cells. Pipet solution 
A was used in these experiments. External solution was changed from A to C. 
dopamine reversibly suppressed the hemi-gap junctional 
current. These results showing an increase in current 
upon alkalinization and a decrease with acidification and 
with dopamine confirm earlier findings of DeVries and 
Schwartz (1992). 
Current-voltage measurements were performed by 
stepping the clamp potential from +20 mV to several 
different hyperpolarized levels. In Fig. I(A), these 
measurements are seen as rapid downward-going traces. 
The amplitude of the currents obtained from the cell in 
Fig. I(A) are plotted in Fig. I(B). In 5 mM calcium 
(squares), in dopamine (double triangles) and during 
washout of NI-I4CI (downward triangles) the amount of 
current at each potential is much reduced compared to the 
current during NH4CI (upward triangles) and in 0 mM 
calcium (circles). Note that the 5 mM calcium, dopamine 
and NHaCl-washout curves, which lie close to the 
abscissa, nearly occlude one another. These data 
demonstrate he membrane conductance is higher in 
low calcium and during alkalinization. 
It has been established that dopamine reduces both the 
conductance of gap junctions between coupled cells and 
the conductance ofhemi-gap channels via an increase of 
cAMP and activation of protein kinase A (DeVries & 
Schwartz, 1992, 1989; Lasater, 1987; McMahon et al., 
1989). Figure I(C) illustrates the effect of 8-Br-cAMP, a 
membrane permeant cAMP analog. This current was 
suppressed significantly by 2 mM 8-Br-cAMP. Compar- 
able suppression was observed in all three other cells 
tested. In other experiments (data not shown), the hemi- 
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FIGURE 2. Quinine opens a gap junctional current in normal saline 
that is reversibly blocked by cobalt. (A) A series of 5 sec voltage- 
clamp pulses from a holding potential of -50  mV (see F) produce 
very little outward current. Both a sodium current and HVA calcium 
current are evident in these cells. (B) Addition of 500 pM quinine 
blocks the sodium and calcium current, and produces a large outward 
current at depolarized potentials. The change in holding current 
represents a quinine effect on a potassium current hat is active and 
outward at the holding potential of -50  mV. (C) Inclusion of 5 mM 
cobalt (while in quinine) eliminates most, if not all, of the outward 
current. (D) Washout of the cobalt restores the large outward current. 
(E) Washout of quinine eliminates the large outward current and 
partially restores the sodium and calcium currents. (F) Voltage-clamp 
protocol. Cells were held at -50  mV and stepped for 5 sec to 
potentials between -20  and +50 mV in 10 mV increments. 
gap current was partially blocked by 0.5 mM IBMX (two 
of the three cells tested) These results confirm that the 
hemi-gap junctional current was modulated via a cAMP 
cascade, as are the gap junctions (DeVries & Schwartz, 
1992, 1989; Lasater, 1987). 
We found that saturated Halothane (four of four cells 
tested) as well as 1-octanol (4.6 mM, six of six cells 
tested), blockers of gap junction current (Burt & Spray, 
1989; Petez-Armendariz et al., 1991; Spray & Bennett, 
1985; Terrar & Victory, 1988), also suppressed the hemi- 
gap currents evoked in Ca2+-free saline (data not shown). 
These results extend earlier studies of Malchow et al. 
(1993, 1994) who showed similar results on the hemi-gap 
currents in skate retinal horizontal cells. 
Quinine can activate hemi-gap junctional current in 
skate horizontal cells at normal extracellular calcium 
concentrations (Malchow et al., 1994). Figure 2 demon- 
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FIGURE 3. Quinine produces a rapid intracellular alkalinization. 
Quinine (500/~M) produces an intracellular alkalinization that quickly 
reverts to rest after washout. This alkalinization does not simply result 
from a equilibration of intra- and extraceHular pH (pile) through the 
opened gap junctions ince the alkalinization occurs in the presence of 
5 mM cobalt; a condition that blocks current through hemi-gap 
junctions (see Fig. 2), and the pHi eventually exceeds pile (7.8). 
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FIGURE 4. The quinine-induced alkalinization is insensitive to DIDS 
or amiloride. Although the pHi was not stable throughout he 
experiment, probably due to prolonged actions of DIDS and amiloride 
on pHi homeostatic mechanisms, these agents failed to block the 
quinine induced increase in pHi. Quinine (500 #M, denoted Q) was 
applied repeatedly, each time causing an intracellular alkalinization of 
0.2---0.3 pH units. 
strates the action of quinine on catfish horizontal cells in 
normal saline. In Fig. 2(A), the cell was depolarized from 
-50  mV by a series of 5 sec voltage clamp pulses. 
Although a transient voltage-sensitive sodium current 
and a sustained HVA calcium current are not evident in 
Fig. 2, these currents can be seen on traces recorded at a 
faster sweep speed (see Fig. 5). Figure 2(B) shows the 
currents recorded in 500/~M quinine. A slowly activating 
outward current developed at the depolarized potentials. 
Subsequent application of cobalt (5 mM) during perfu- 
sion with quinine eliminated the slowly activating current 
[Fig. 2(C)]. Figure 2(D and E), show the washout of 
cobalt and then quinine and demonstrate the reversibility 
of the cobalt's conductance block and quinine's activa- 
tion. The voltage dependency and cobalt sensitivity of 
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FIGURE 5. High internal pH buffering (80 mM HEPES) does not block the effects of quinine. Top row, superimposed r sponses 
to 2 see steps from -,50 to 0 mV and -60 to +40 mV. Bottom row, superimposed responses to120 msec steps to -40 mV 
through +50 mV, from a holding potential of -50 mV (step increment is t0 mV). (A) Control. A1 demonstrates hat a long step 
from - 60 to 0 mV induces asustained inward calcium current. In A2, transient inward sodium currents and sustained inward 
calcium currents are evident. The step to +40 mV induces anet constant outward current in both cases. (B) 500/~M quinine. A
long step to +40 mV (B1) induces alarge, slowly rising outward current, while a short step (B2) induces abarely discernible 
rising current. Note the large, slow tail current in B1 reflecting closing of the channels upon repolarization to - 60 mV [see also 
Fig. 2(B and D)]. The calcium current seen in A is blocked for both long and short duration steps (B1, B2). The sodium current is
also clearly blocked (B2). (C) Recovery. Partial recovery of the calcium current is evident (C1, C2). Recovery of the sodium 
current is evident (C2). The long step to +40 mV no longer eveals the slowly rising outward current (C1). Internal F (Cs-80 
Hepes) and External B (5 Calcium) were used in these xperiments. All data taken from the same application ofquinine. 
this slowly developing outward current are very similar 
to the hemi-gap junctional currents in skate (Malchow et 
al., 1994). 
We investigated the effects of quinine on pHi. 
Horizontal cells were loaded with the pH indicator dye 
BCECF-AM and pHi was monitored optically (see 
Methods). Figure 3 demonstrates that quinine (500/~M) 
rapidly and reversibly alkalinized the horizontal cell. The 
alkalinization was not bllocked when the cell was also 
superfused with cobalt. In the HEPES-buffered saline 
used here, pHi was maintained at 7.4 in an external pH of 
7.8 (Takahashi et al., 1993). Because cobalt is known to 
block opened hemi-gap channels [Fig. 2(C)], it is 
improbable that the alka]linization generated by quinine 
was a secondary result of its having opened the hemi-gap 
channels which would allow a net efflux of protons. The 
mechanism bywhich quinine affects pHi remains elusive. 
One possibility is that quinine could be modulating the 
rate of a transport mechanism that regulates pHi. Earlier 
studies yielded evidence (Copenhagen & Takahashi, 
1991) that pHi in horizontal cells is regulated via a DIDS- 
sensitive chloride/bicarbonate exchanger and also an 
amiloride-sensitive sodium/hydrogen exchanger (Taka- 
hashi et at., in preparation). Therefore the effects of 
DIDS and amiloride were investigated. 
Figure 4 is a recording: of quinine-induced alkaliniza- 
tion in control saline and in the presence of DIDS 
(100 pM) and amiloride (1 mM). DIDS is known to block 
chloride/bicarbonate exchangers (Frelin et al., 1988), and 
has been shown to act similarly on the horizontal cells of 
catfish (Copenhagen & Takahashi, 1991). Amiloride 
antagonizes odium/hydrogen exchangers (Frelin et al., 
1988) and also acts at the same exchanger in horizontal 
ceils (Takahashi et al., in preparation). Although pHi was 
gradually becoming more acidic, probably due to the 
action of DIDS and amiloride on pHi homeostasis, 
nonetheless, neither compound blocked quinine-gener- 
ated alkalinization. These findings provide support for the 
idea that quinine alkalinizes the horizontal cells inde- 
pendently of any suppression of the homeostatic pH 
regulatory mechanisms. 
Results from Figs 2 and 3 supported the hypothesis that 
quinine induced hemi-gap junctional currents by alkali- 
nizing the cells. Previous studies and work in this study 
(Fig. 1) showed that gap junction and hemi-gap 
junctional currents were decreased by acidification and 
increased by alkalinization (DeVries & Schwartz, 1989, 
1992). Figure 3 demonstrated that quinine alkalinized the 
horizontal cells. To test the hypothesis that quinine acts 
via alkalinization, we investigated whether quinine- 
induced increases in hemi-gap junctional currents would 
be blocked when cells contained high concentrations of
pH buffer. Previously, we showed that glutamate 
suppressed the HVA calcium current in these cells by 
acidifying them. Glutamate's uppression was blocked 
with 25mM HEPES buffer included in the pipet 
[Solution C; Dixon et al. (1993)]. Quinine-induced 
hemi-gap junctional currents were readily apparent under 
conditions of low HEPES buffering with either potassium 
or cesium as the main internal cation (Internal Solutions 
B and D). Figure 5 illustrates a quinine-induced increase 
in hemi-gap junctional current recorded with 80 mM 
HEPES in the pipet (Internal Solution F). Since 
equilibration of cell contents with the internal solution 
was very important for these experiments, typically 
>10min of whole-cell recording were done before 
application of quinine, allowing ample time for full 
diffusion. The hemi-gap current was readily apparent 
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under these recording conditions. We saw no suppression 
using 25 mM (Internal Solutions C; six of six cells) and 
40 mM HEPES (Internal Solution E; three of four cells) 
and, even though we previously showed by direct 
measurements of pH using BCECF that 25 mM HEPES 
significantly buffered pH changes induced by NHaC1, we 
further increased the concentration of HEPES to 80 mM 
(Internal Solution F; two of two cells) to provide even 
more pH buffering in the cytosol. Quinine still elicited 
hemi-gap junctional currents under these conditions. 
Note that quinine also eliminated the voltage-gated 
calcium and sodium currents in this cell, as would be 
expected from earlier work (Hermann & Gorman, 1984). 
Thus, it is clear that quinine can induce hemi-gap 
junctional currents even under conditions designed to 
stabilize intracellular pH. Therefore it is very likely that 
quinine must also be acting via some other pH- 
independent mechanism to activate the hemi-gap junc- 
tion. 
DISCUSSION 
This study demonstrates that quinine increases hemi- 
gap junctional current in catfish horizontal cells. Cobalt, 
known to block hemi-gap junctions, suppresses the 
quinine-induced currents in these cells (Fig. 2). These 
results extend to catfish horizontal cells the earlier finding 
of Malchow et al. (1994) who showed the quinine- 
induced hemi-gap junction currents in skate horizontal 
cells. We also found that quinine alkalinizes these cells 
and the alkalinization is not blocked in cobalt, DIDS, or 
amiloride. Because quinine continued to elicit hemi-gap 
junctional currents in spite of high concentrations of 
intracellular pH buffer, we have to reject the hypothesis 
that quinine exerts its action on hemi-gap junctional 
conductance solely by alkalinizing the horizontal cells. 
How do we know these are hemi-gap junctional 
currents? There is compelling pharmacological, biophy- 
sical, and molecular evidence that these currents induced 
by low calcium and quinine are conducted through emi- 
gap channels. First, pharmacological characterization has 
indicated that the same compounds that modulate 
horizontal cell gap junctions also modulate the low- 
calcium induced current (DeVries & Schwartz, 1989, 
1992). In particular, dopamine via cAMP and increases in 
internal proton concentration produce blockage of the 
low calcium-induced current and the gap junctional 
current. Second, the biophysical properties of the low 
calcium-induced current match those expected from 
studies of gap junctions between pairs of horizontal 
cells. For example, both conductances have a reversal 
potential of approximately zero and are very nonselec- 
tive, with the ability to pass very large compounds (e.g. 
Lucifer Yellow) (DeVries & Schwartz, 1989, 1992). 
Furthermore, DeVries and Schwartz (1992) were able to 
derive the time course and current-voltage r lation of the 
gap-junctional current from their measurements of this 
low-calcium induced current. Third, there is now 
impressive molecular evidence for hemi-gap junctional 
currents. Ebihara et al. (1995) demonstrate hat connex- 
ins expressed in oocytes can produce functional, 
apparently normal, gap junctions between oocytes. 
Although these specific connexins may not underlie 
horizontal cell gap junctions, these expressed gap 
junctions qualitatively have similar properties to those 
seen in horizontal cells. In single oocytes injected with 
connexin mRNA, low calcium induces a very large 
current that has a similar biophysical profile to low- 
calcium induced currents in horizontal cells, including a 
reversal near 0 mV and voltage dependent opening 
requiring depolarization. Also, Ebihara et al. (1995) 
demonstrate that they can derive their gap-junctional 
current properties from those of the low-calcium 
produced current. This work demonstrates directly that 
expression of connexins leads to a low-calcium sensitive 
conductance with the required properties for a hemi-gap 
current. The ability of quinine to open hemi-gap 
junctional currents has only recently been well docu- 
mented (Malchow et al., 1994). The quinine-induced 
current seems to have essentially identical properties to 
the low calcium-induced hemi-gap junctional current, 
including sensitivity to appropriate blockers and the 
required biophysical properties. This similarity leaves 
little doubt hat the quinine-induced current is a hemi-gap 
junctional current, almost certainly mediated by the 
opening of connexin pores. 
How might quinine be opening the hemi-gap junctional 
channels? The data in this study serve to rule out a 
mechanism by which quinine acts solely by inducing an 
alkalinization that opens hemi-gap junctional channels. It
is apparent hat quinine works extracellularly because 
Malchow et al. (1994) found that it was ineffective when 
used in the patch pipets. Quinine might be triggering a 
second messenger cascade. However, compared to the 
long lasting actions of a second messenger-mediated 
glutamate suppression ofan inward rectifier K ÷ current in 
these cells (Dixon & Copenhagen, in preparation), the 
rapidity of quinine's action might tend to suggest adirect 
action on the hemi-gap channel. One possibility is that 
quinine binds to the channel protein to block the sites 
where protons or calcium bind to keep the channels 
closed. To test whether quinine is acting directly on the 
channels, it would be most informative to record their 
activity in membrane xcised patch pipet recordings. 
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